Abstract We demonstrate efficient generation of terahertz (THz) frequency radiation by pulsed excitation, at wavelengths between 800 and 1550 nm, of photoconductive (PC) switches fabricated using Fe-doped InGaAsP wafers, grown by metal organic chemical vapor deposition (MOCVD). Compared to our previous studies of Fe-doped InGaAs wafers, Fe:InGaAsP wafers exhibited five times greater dark resistivity to give a value of 10 kΩ cm, and Fe:InGaAsP PC switches produced five times higher THz power emission. The effect of Fe-doping concentration (between 1E16 and 1.5E17 cm ) on optical light absorption (between 800 and 1600 nm), on resistivity, and on THz emission is also discussed.
Introduction
Over the recent years, there have been an increasing number of applications for terahertz (THz) frequency (0.1-10 THz) waves, including their use in medical imaging [1] [2] [3] , security scanning [4] [5] [6] , and the analysis of pharmaceutical compounds [7, 8] . This has stimulated the need for developing robust, compact, and cheap THz instrumentation. Having high excitation power (>0.5 W at 800 nm) for efficient THz generation from large-aperture LT-GaAs photoconductive (PC) emitters (the most efficient photoconductive material for THz emission at 800 nm due to its high resistivity >10 5 Ω cm and its subpicosecond carrier lifetime) would not be possible without using complex and expensive Ti:sapphire lasers. Relatively compact and cheap fiber lasers centered at 1550 nm would be a good replacement if appropriate photoconductive materials with suitable optical and electrical characteristics could be found for THz generation and detection at this wavelength. Indium gallium arsenide (In x Ga x-1 As) has been the first choice for many research groups as its band-gap can be easily tailored to match the photon energy at 1550 nm by changing the growth ratio between In and Ga atoms. However, its low dark resistivity produces significant problems in its use for PC THz emitters and detectors. Devices with high resistivity can withstand high external electric bias field for enhanced THz emission and make the devices less sensitive to external noise when used as PC detectors. Introducing defects into InGaAs crystal by Fe implantation [9] , Br + ion irradiation [10] , and Be-doping [11] has shown some success in enhancing the resistivity to 0.63, 5, and 700 Ω cm, respectively. More complex structures have also been investigated; an ErAs/InGaAs superlattice structure showed a resistivity of 343 Ω cm [12] , while a Be-InGaAs/InAlAs superlattice structure achieved a maximum sheet resistance of 1E6 Ω/sq (200 Ω cm dark resistivity) [13, 14] . Fe-implanted InGaAsP has also been investigated, showing a maximum resistivity of 2.5 kΩ cm [15, 16] .
Recently, we investigated THz emission and detection using Fe-doped In 0.53 Ga 0.47 As [17] [18] [19] . While being able to use this material (at different Fe-doping concentrations) in the generation and detection of THz waves, its 2.2 kΩ cm maximum achieved dark resistivity (2.2E7 Ω/sq sheet resistance) limited its use for PC THz emitters to <3 and <15 kV/cm of DC and AC electric bias fields, respectively (at an incident optical fluence of 40 μJ/cm 2 ). We note that the maximum resistivity that can be achieved from Fe-doped InGaAs was theoretically estimated to be 4 kΩ cm [20] . The maximum THz emission power that we measured from Fe-InGaAs PC emitter was 10 μW (200 mW peak power if a THz pulse width of 0.5 ps is assumed).
In this paper, we report the use of epitaxially grown Fe-doped InGaAsP as a photoconductive material; this has advantages over Fe-implanted InGaAsP materials, including better control over the Fe compensator distribution while producing less damage to the crystal structure. These materials show significant improvements in their photonic and electrical characteristics compared with the ternary, epitaxially grown, Fe-doped In 0.53 Ga 0.47 As materials that we previously studied. We investigate systematically the effect of changing the Fedoping concentration on the optical absorption, resistivities, and the emitted THz power from Fe-doped InGaAsP wafers. In comparison with Fe-doped In 0.53 Ga 0.47 As, we observe an enhanced surface homogeneity, and an increased wafer resistivity by a factor of five (to give a value of 10 kΩ cm), and increased THz power emission by a factor of five (~50 μW average power). We also directly compare the performance at 800 nm with emitters fabricated with identical electrode geometry on Fe:In 0.53 Ga 0.47 As semiconductors.
Experimental Study

Growth Details of Fe-doped InGaAsP Wafers
The layer structure of our lattice-matched Fe:InGaAsP wafers is shown in Fig. 1a . The atomic fractions of the wafer constituents (Fe:In 0.70 Ga 0.30 As 0.87 P 0.13 ) were chosen to give a band-gap energy of 0.8 eV [21] to enable light absorption up to a wavelength of 1550 nm. The band-gap spectra around 1550 nm were confirmed with photoluminescence (PL) measurements, as shown in Fig. 1b . The metal organic chemical vapor deposition (MOCVD) growth was conducted at 810 torr (1065 mbar) pressure and 660°C (thermocouple) growth temperature in a horizontal quartz reactor. Before each growth, the susceptor and reactor were conditioned using a baking and cleaning procedure to ensure reproducible starting conditions. The precursors used were trimethylindium (TMI), trimethylgallium (TMG), 100 % arsine (AsH 3 ), and 100 % phosphine (PH 3 ) as the sources for In, Ga, As, and P atoms, respectively. Ferrocene (Fe(C 5 H 5 ) 2 ) from a sublimation bubbler was used as the iron dopant source. All precursors were semiconductor grade (or better). Purified H 2 was used as the carrier gas, and the total gas flow through the reactor during epitaxy was 115 cm 3 /s. Bubbler pickups, dilution, and pusher flows were also H 2 . Wafer growth was terminated by an n-doped InP encapsulation layer to avoid having an As-terminated surface (the volatility of As would have been detrimental if post-growth annealing had been required). Fe doping was undertaken uniformly, with the doping level being changed systematically between different wafers. The Fe doping allowed compensation of the residual n-type carriers in the InGaAsP, increasing the resistance of the material, as well as providing mid-gap states, which act to rapidly capture the photogenerated carriers. All MOCVD crystal growths were undertaken on 50-mm diameter, (100) oriented, Fe-doped InP substrates. Quaternary layers were grown with a reproducible rate of 7.24 μm/h, and InP buffers/caps were grown at a rate of 3 μm/h. Secondary ion mass spectroscopy (SIMS) analysis for each wafer showed a uniform doping density throughout the thicknesses of the Fe:InGaAsP layers.
Optical Nomarski pictures with a X20 objective showed defect-free specular surfaces, indicating a homogenous morphology. The surface morphologies were smoother than those obtained from the equivalent Fe:InGaAs ternary structures, where there was some evidence of FeAs precipitates on the surfaces. The high quality of the surface reflects the fact that the quaternary composition is well-matched to the InP substrate. To improve the surface quality of Fe:InGaAs wafers, N 2 may be used as the carrier gas during growth instead of H 2 [22] [23] [24] . 
Details of PC Emitters and THz Characterization Systems
Bow-tie PC THz emitters (comprising two 8-mm long electrodes, with a 300-μm gap between electrodes) were fabricated by photolithography, on several different Fe-doped InGaAsP wafers. First, the n-InP cap layer was chemically etched in HCl for 20 s, and then the nInGaAsP layer was etched in 100:10:10 (by volume) H 2 O:H 2 O 2 :H 2 SO 4 for 40 s to expose the Fe:InGaAsP surface. Finally, metal electrodes (20 nm Ti/150 nm Au) were deposited on top of the exposed Fe:InGaAsP layer.
THz emission at 1550 nm excitation was first demonstrated using a THz-TDS system based on a fiber laser (Pro-NIR, Toptica) with a <100 fs pulse width (Fig. 2) . The output beam at 1550 nm was split into two paths using a beam splitter. A pump beam (80 mW average power) was mechanically chopped at 2.8 kHz and guided by mirrors to excite the gap between the electrodes of a PC emitter, while the probe beam (40 mW) was guided onto a 1-mm thick ZnTe crystal to probe the collinearly incident THz radiation using electro-optic sampling. The emitter electrodes were DC-biased at 50 V. The polarization components of the probe beam were separated after passing through the ZnTe crystal by a quarter wave plate and Wollaston prism, and their respective intensities then measured using a pair of balanced photodiodes connected to a lock-in amplifier, itself referenced to the modulating frequency of the mechanical chopper. The PC emitters were also tested at different excitation wavelengths (1150-1550 nm) using a Ti:sapphire-pumped optical parametric oscillator (OPO, Coherent) system as described elsewhere. Finally, the PC Fe:InGaAsP emitter with the highest radiated THz emission was compared to both Fe:InGaAs and conventional LT-GaAs emitters at an 800-nm excitation using a Ti:sapphire-based THz-TDS system (<100 fs, Tsunami, Spectra Physics).
Results and Discussions
Broadband Light Absorption and THz Emission at 1550-nm Excitation
Absorption of light from 800 nm to 1600 nm was clearly observed in the Fe:InGaAsP samples, as shown in Fig. 3a . Light (from a tungsten-halogen lamp) was shone onto the Fe-doped Fig. 2 THz-TDS system using a 1550-nm fiber laser system (providing <100 fs laser pulses, at an 80-MHz repetition rate) to pump PC Fe:InGaAsP emitters for THz generation. The THz radiation is probed by electrooptic sampling using 40 mW probe power at 1550 nm in a 1-mm thick ZnTe crystal InGaAsP wafers, and the power intensity of the transmitted and reflected spectrums was measured using a grating spectrometer (Princeton instruments). The ratio of the absorbed power was then deduced by subtracting the transmitted and the reflected power fractions from the incident light power. As expected, the wafer with the higher doping concentration absorbed less power of the incident light, as the absorption coefficient is directly proportional to the conductivity of the material, and therefore, less incident power is absorbed with increasing conductivity [25] .
An Fe:InGaAsP PC emitter (7 × 10 16 cm −3 Fe doping) was tested for THz emission at 1550-nm excitation wavelength on the THz-TDS system shown in Fig. 2 . Figure 3b , c shows the THz time-domain signal and the corresponding Fourier frequency transform (FFT) generated from the 7 × 10 16 cm −3 Fe-doped InGaAsP PC emitter. The full width at half maximum of the time-domain signal (500 fs) reflects the fast dynamics of the photo-generated carriers in the emitter. The FFT signal shows frequency components up to 2.7 THz before the noise floor, with a signal to noise ratio (SNR) of >250:1 in amplitude at 0.5 THz. Figure 4a shows the integrated THz power (~the integral of the area under the square of the THz amplitude signal) of the emitted radiation at a 1550-nm excitation wavelength for Fedoped InGaAsP emitters with different doping concentrations compared to similar results obtained from Fe-doped InGaAs emitters. Increasing the Fe doping led initially to an increase in the emitted THz power, until a peak was reached (at Fe concentrations of 7 × 10 16 and 3 × 10 16 cm −3 for Fe:InGaAsP and Fe:InGaAs, respectively). The emitted THz power then dropped for higher Fe-doping levels. This behavior may be explained in qualitative terms as follows: by increasing the Fe-doping level in the wafers, more trap centers are created for the photo-generated carriers, leading to fast capture and enhanced THz emission. However, increasing the density of Fe trap centers further leads to increased carrier scattering, a reduction in carrier mobility [25, 26] , a reduction in light absorption (Fig. 3a) , and hence, the observed reduction in output power. The resistivities of the Fe:InGaAsP and Fe:InGaAs samples were also determined from the I-V characteristics of at least two devices fabricated from each wafer into Hall bar geometries (variation in resistivity was found to be <5 % between the two devices). The maximum resistivity for the Fe-doped InGaAsP wafer was about five times higher than that in the Fe:InGaAs materials (Fig. 4b) , with the value of 10 kΩ cm (at 1 × 10 16 cm −3 Fe doping) being the highest reported resistivity for a material emitting THz radiation at 1550 nm. In general, provided photocurrent is sustained, having high resistivity enables a greater bias voltage to be applied to the emitter electrodes without breakdown occurring, and hence, high power THz emission can be obtained. We note that some difficulties were found in measuring the mobility of the charge carriers in our materials using Hall bar devices under magnetic fields. We think these difficulties arise from some magnetization interactions with the Fe doping. Although the principal reason for Fe doping the InGaAsP and InGaAs wafers was to increase the resistivity of the wafers by compensating the residual background conduction in the material, we noticed that increasing the Fe-doping level from 1 × 10 16 to 1.5 × 10 17 cm −3 in Fe:InGaAsP wafers actually resulted in a reduction in resistivity from 10 to 0.5 kΩ cm. This implies that the wafers were becoming progressively more overcompensated, leading to p-type conduction. In contrast, for the Fe:InGaAs wafers, a maximum in resistivity was seen. This implied that the material changed from n-type to p-type, with full compensation being obtained at~2.5 × 10 16 cm −3 Fe doping, where a maximum resistivity of~2.5 kΩ cm is observed, while noting that the maximum resistivity that could be obtained from a lattice-matched Fe:InGaAs wafer has been theoretically estimated to be 4 kΩ cm [20] . We also noticed a reversal in polarity for the THz time-domain signals emitted from the p-type and n-type Fe-InGaAs emitters which was another indication to the change of the material type. 
Dependence of Integrated THz Power and Resistivities on Doping Concentrations
Dependence of THz Emission on Bias Voltage and Pump Power
To assess the Fe:InGaAsP emitters further, two emitters with different Fe-doping levels (1 × 10 16 and 7 × 10 16 cm −3 ) were tested both at different DC bias voltages between 0-120 V (with the pump power of the 1550 nm exCitation kept constant at 50 mW). and at different pump powers between 0-80 mW (with the DC bias voltage kept constant at 50 V), as shown in Fig. 6 . The integrated THz power was found to follow a quadratic relationship with both the bias voltage and the pump power, in keeping with the standard theory of photoconductive emission [27, 28] . The highest power Fe:InGaAs emitter (doped at 3 × 10 16 cm
) showed a performance comparable to that of the 7 × 10 16 -cm −3 Fe-doped InGaAsP emitter up to a bias of 50 V, but then showed a saturation behavior. We attribute this saturation to the increased temperature of the substrate, due to the applied DC voltage, which causes much heat dissipation and a reduction in the carriers' mobility as a consequence. We note that one possible solution to avoid this saturation effect would be to use a fast alternating bias voltage waveforms with short duty cycle [18] . In contrast, the Fe:InGaAsP emitters continued to show THz emission at bias voltages beyond 100 V as a consequence of their increased resistivities. The emitter with the highest resistivity (at 1 × 10 16 cm −3 Fe-doping level) withstood DC electric bias fields up to 12.5 kV/cm (at optical fluence of 40 μJ/cm 2 ) and produced 50 μW average THz emission power (measured using a helium-cooled bolometer). Using fast AC bias fields with short duty cycles would decrease the heat dissipation in the device and increase the breakdown fields to several tens of kilovolts per centimeter, and hence, more emitted THz power could be obtained. Under optical excitation of 40 μJ/cm 2 , Fe:InGaAsP was found to withstand AC bias fields up to 35 kV/cm before breakdown. It should be noted that THz emission was also realized at zero bias voltage, which we attributed due to the gradient of the photogenerated carriers at the excitation area [29] . Fe-doped InGaAsP emitter (300 μm gap) at a 50-V bias, when it was excited with only 1 mW average laser power at 1550 nm. A signal-to-noise ratio of 20 (in amplitude) is obtained, indicating the promise of the material for use in on-chip THz devices at cryogenic temperature, where low excitation laser powers are essential (for example [30] doping). Both of these emitters used for comparison had the same electrode design and were tested under the same conditions of laser illumination and voltage bias (100 mW average laser power and 50 V DC bias). The Fe:InGaAsP emitter produced THz signals of amplitudes 10 % larger than that from the Fe:InGaAs emitter, as shown in Fig. 7 . No higher test conditions were tried to avoid breaking the devices by the heating effects which could come from the high photon energies at 800 nm and/or higher DC bias fields. Fe:InGaAsP showed a higher bandwidth (~3.3 THz) at 800-nm excitation than that obtained at 1150-1550 nm excitations (Fig. 7b) . This is likely to be a result of the longer coherence length (~2 mm) between the optical light at 800 nm and the incident THz radiation on the ZnTe detection crystal, while the coherence length is~0.5 mm for optical light at 1550 nm for frequencies up to 4 THz [31, 32] . Further, we note that the shape of the THz signals generated from Fe:InGaAsP and Fe:InGaAs emitters changed by the excitation at 800 nm, which can be ascribed to the high photon energies at 800 nm.
Summary and Conclusions
In conclusion, MOCVD Fe:InGaAsP showed excellent performance as a THz source over a broad range of pulsed excitation wavelengths extending from 800 to 1550 nm. The Fe:InGaAsP wafers showed better surface homogeneity, high resistivities (up to 10 kΩ cm), and five times higher THz emission power (~50 μW average power) compared with our previous results from Fe:InGaAs.
